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We have succeeded in observing ultraslow propagation of squeezed vacuum pulses with electro- 
magnetically induced transparency. Squeezed vacuum pulses (probe lights) were incident on a laser 
cooled *^Rb gas together with an intense coherent light (control light). A homodyne method sen- 
sitive to the vacuum state was employed for detecting the probe pulse passing through the gas. A 
delay of 3.1 fis was observed for the probe pulse having a temporal width of 10 /is. 

PACS numbers: 42.50.Dv, 42.50.Gy 



Electromagnetically induced transparency (EIT) is 
used to modify the absorption coefRcient and refractive 
index of a medium for a probe light fl|. There is a steep 
dispersion within the transparency window, so that the 
speed of a probe light pulse is significantly reduced. The 
pulse is spatially compressed as a consequence of this ul- 
traslow propagation, which enables us to store photonic 
information in the medium [2, Q . 

Recently, several groups have independently succeeded 
in storing and retrievinga single-photon state by collec- 
tive atomic excitation These experiments have 
demonstrated nonclassical characteristics of the retrieved 
light field, such as photon antibunching and the viola- 
tion of classical inequalities. Such nonclassical features 
are not sensitive to linear optical loss, and the experi- 
ments were performed using a photon counting method. 
In order to fully determine the state of the field, we have 
to utilize an optical homodyne method, which is sen- 
sitive to the vacuum. While B. Julsgaard et al. have 
demonstrated quantum memory of light using a homo- 
dyne method 6], they have thus far only reported an 
experiment with a coherent state of light. 

While EIT was observed using a squeezed vacuum in 
our previous study 01 , storage and retrieval of a squeezed 
vacuum could not be realized, mainly due to poor squeez- 
ing of the light source as well as the transparency win- 
dow being too broad. In the present Letter, we report 
the successful observation of the ultraslow propagation 
of a squeezed vacuum pulse, which is an important step 
toward the demonstration of a genuine quantum mem- 
ory for non-classical light states. The storage of the 
squeezed vacuum corresponds to that of quantum en- 
tanglement and enables us to squeeze atomic spins de- 
terministically, which is useful for quantum noise-limited 
metrology. Performing a single photon count for the field 
retrieved partially from the squeezed atoms, a highly 
nonclassical atomic state will be generated [sj. 
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FIG. 1: (color online) Schematic diagram of the experimen- 
tal setup. BS: beam splitter, AOM: acousto-optic modulator, 
PD: photodetector, SA: spectrum analyzer. Amp.: RF am- 
plifier. A0M5 consists of two AOMs to cancel the frequency 
shift due to the diffraction. AOM6 also consists of two AOMs, 
where, rather than the Ist-order beam, the Oth-order beam 
was used. 



Our experimental setup is shown schematically in Fig. 
1. A Tiisapphire laser (Ti:S laser 1) was tuned to the Di 
line (5^Si/2, F=l 5^Pi/2, F'=2), which corresponds to 
a probe transition. The beam from the other Ti:sapphire 
laser (Ti:S laser 2) was diffracted by an acousto-optical 
modulator (AOM) 1 and was used for the control field. 
The frequency of the control light was stabilized using a 
feed- forward method Q, and the control light was able 
to be scanned around the F=2 — > F'=2 transition by tun- 
ing the frequency of a synthesizer. We employed a laser- 
cooled atomic ensemble of *^Rb as an EIT medium. One 
cycle of our experiment comprised a cold atom prepara- 
tion period and a measurement period. The preparation 
period and the measurement period had durations of 8.7 
ms and 1.3 ms, respectively. After 5.5 ms of the magneto- 
optical trapping stage in the preparation period, only the 
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magnetic field was turned off. After the eddy current 
ceased (~ 3 ms), both the coohng and repumping lights 
were turned off, and a pump light, which was tuned to 
F=2 F'=2 transition, was incident on the gas for 100 
fis to prepare the cold atoms in the F=l state, the optical 
depth of which was ^ 4. 

A weak coherent probe light was used to observe the 
frequency width of the EIT window. Note that, in 
the later experiment, we used a squeezed vacuum for 
the probe light, where the squeezed vacuum was gener- 
ated using a sub-threshold optical parametric oscillator 
(OPO) with a periodically poled KTiOP04 crystal 
We injected a light in a coherent state into the OPO 
cavity in the absence of a second-harmonic light from a 
doubler and used the output as the probe light. The 
procedure described above enabled us to employ a coher- 
ent probe light with a spatial mode that was identical 
to that of the squeezed vacuum. The cavity length was 
actively stabilized so that the probe frequency was equal 
to the resonant frequency of the cavity. The probe light 
(<1 pW) from the OPO cavity and the control hght (100 
/iW) were incident on the gas with a crossing angle of 
2.5°. The radii of the probe and the control lights were 
150 fim and 550 /im, respectively. Both the probe and 
the control lights were circularly polarized in the same 
direction. During the measurement period, the probe 
light was incident on the atomic gas and its transmitted 
intensity was monitored using an avalanche photodiode 
(not shown in Fig. 1). Figure 2(a) represents a typi- 
cal transmission spectrum for the probe light obtained 
by scanning the frequency of the control light, where the 
medium was almost transparent around two-photon res- 
onance. 

In order to observe ultraslow propagation of a squeezed 
vacuum pulse with EIT, it is necessary to measure the 
quadrature noise of the frequency components within 
the EIT window. However, it is difficult to observe the 
quadrature squeezing for such a low-frequency region by 
the conventional homodyne method using a spectrum 
analyzer, which is due to the low- frequency noise of a 
spectrum analyzer. While several schemes are available 
[ajEIi) we employed the homodyne method with a bichro- 
matic local oscillator (LO) to observe quadrature squeez- 
ing around the carrier frequency. The frequency of the 
LO of the conventional homodyne method is the same 
as the carrier frequency of the squeezed vacuum i^q. The 
noise power measured using a spectrum analyzer having 
a center frequency of e in the zero span mode is given 
byH 

S,{e) = Tr[p[X(e, e)X^{e, 9) + X^{e, e)X{e, 9)]]. (1) 

Here, p represents the density operator of the squeezed 
vacuum and 9 represents the relative phase between the 
squeezed vacuum and the LO. The quadrature operator is 
defined as X{e, 9) = a„g+ee~'^^ +al^_^e^^ ■ However, when 
the bichromatic LO having the frequency components of 
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FIG. 2: (color online) (a) Dependence of the transmission of 
the coherent probe light on two-photon detuning, (b) Quadra- 
ture noise of the probe light in the squeezed state that passed 
through the EIT medium. Circles (Squares) indicate the 
quadrature noises when the relative phase between the LO 
and the squeezed vacuum was set to 6 = (7r/2). 

j'o ± e is employed, the noise measured by the spectrum 
analyzer with the center frequency of e is given by 

S{9) = Tr[p[(X(0, e)X\Q, 0) + X^{0, 9)X{0, 9))/2 

+ {X{2e, 9)X^{2e, 9) + X\2e, 9)X{2e, 9))/2]]. (2) 

Comparing Eq. ^ and Eq. , the following simple for- 
mula can be obtained, S{9) = So{9)/2 + S2e{0)/2. The 
first term represents the single-mode quadrature noise at 
vq, and the second term represents the two-mode quadra- 
ture noise consisting of i^o ± 2e. Namely, both the carrier 
and sideband frequency components contribute to the 
measured noise. When the medium has sufficient optical 
thickness and the width of the EIT window is narrower 
than 2e, the sideband frequency components are com- 
pletely absorbed and thus the noise amplification and 
deamplification are caused by only the carrier frequency 
component. Note that in such a case, the second term 
in Eq. ^ approaches 1/2 (the vacuum noise) and the 
observable squeezing level is limited to —3 dB. 
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FIG. 3: (A) Balanced homodyne signals of the probe light 
with (a) a monochromatic LO and (b) a bichromatic LO. (B) 
Shot noise level. We normalized the quadrature noise levels 
using the shot noise. 



To check the validity of the method described above, 
we measured the squeezing using both a monochromatic 
LO and a bichromatic LO. We cut off the weak coherent 
hght and generated a squeezed vacuum by injecting 50 
mW of the pump Hght (397.5 nm) from the frequency 
doubler into the OPO cavity. We employed three AOMs 
(AOM2-4) to create the monochromatic and bichromatic 
LOs. The monochromatic LO was produced by turning 
off A0M4 and driving A0M2 and A0M3 with the same 
RF frequency, while the bichromatic LO was obtained by 
driving A0M2, 3, and 4 with RF frequencies of 80 MHz, 
79 MHz, and 81 MHz, respectively. 

We measured the two-mode quadrature noise consist- 
ing of the J^o±l MHz frequency components using the 
monochromatic LO (Fig. 3(a)). To determine the shot 
noise level, we measured the noise dependence on the in- 
tensity of LO and confirmed that the noise level agreed 
well with a theoretical calculation. The squeezing level of 
-1.60±0.12 dB and the anti-squeezing level of 3.71±0.12 
dB were observed with the spectrum analyzer in the zero- 
span mode at e=l MHz. The resolution bandwidth was 
100 kHz and the video bandwidth was 30 Hz. The 3-dB 
bandwidth of our homodyne detector was 2 MHz. Figure 



3(b) shows the experimental results obtained using the 
bichromatic LO, where the squeezing level of — 1.53±0.20 
dB and the anti-squeezing level of 3.66±0.21 dB were ob- 
served. The LO intensity at I'o ± 1 MHz was 1.5 mW 
each, and the total intensity of LO was monitored and 
stabilized so that the fluctuation was less than 1%. Note 
that the linewidth of the OPO cavity (10 MHz) was much 
larger than 2 MHz (2e), and thus 50(61) and S2f.i0) should 
have a squeezing level comparable to that obtained in 
Fig. 3(a). Therefore, there is no discrepancy between 
the experimental results and the prediction by Eq. 

In order to carry out the KIT experiments with a 
squeezed vacuum, the relative phase between the local 
oscillator light and the squeezed vacuum has to be stabi- 
lized during the measurement period. For this purpose, a 
weak coherent beam (lock light) was injected to the OPO 
cavity, and the output was monitored by a photodetector 
(not shown in Fig. 1). The relative phase between the 
lock light and the second harmonic light was locked using 
PZTl so that the maximum amplification (deamplifica- 
tion) was obtained. We locked a relative phase between 
the LO and the lock light by controlling the PZT2 based 
on the signal of the homodyne detector. This procedure 
enabled us to lock the relative phase between the LO 
and the squeezed vacuum at 6 = 0(7r/2) [l3|. After the 
preparation period, the feedback voltage driving a PZT 
was maintained, and the weak coherent light was turned 
off with A0M5. Eventually, the relative phase between 
the LO and the squeezed vacuum was maintained during 
the measurement period 14 1. 

The quadrature noises of the squeezed vacuum that 
passed through the cold atoms with the control light (100 
/xW) were monitored using the bichromatic homodyne 
method. Figure 2(b) indicates the dependence of the 
quadrature noise on the two-photon detuning, where the 
circles (squares) were obtained when the relative phase 
was set to 6 — (7r/2). Each data was averaged over 
^100,000 times and both the resolution and video band- 
widths of the spectrum analyzer were set to 100 kHz. 
When the relative phase was set to 6 = 0, the squeez- 
ing level of 0.44 ± 0.09 dB was detected at the two- 
photon resonance and the squeezing level decreased with 
increased detuning, which reflects a property of the trans- 
parency window. At around 300 kHz of detuning, the 
quadrature noise exceeded the shot noise level because 
the EIT medium provided the additional phase to the 
probe light and changed the relative phase 9. Another 
peak, which was concerned with two-mode quadrature 
noise 82^ (e = 1 MHz), appeared around ±2 MHz. When 
the control light was detuned by ± 2 MHz, the frequency 
component corresponding to ± 2 MHz passed through 
the EIT medium, whereas that at I'o T 2 MHz was ab- 
sorbed. Therefore, the quantum correlation between the 
two frequency modes was lost, and the thermal noise cor- 
responding to one frequency component was simply ob- 
served by the homodyne detector. Note that the noise 
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FIG. 4: (color online) Time dependence of the measured noise 
of the probe pulse with the relative phase (a.) 9 — n /2 and (b) 
6^ = and (c) that of the photon flux derived from data (a) and 
(b). Trace (A) shows the quadrature noises of the squeezed 
vacuum pulses in the absence of the control lights and the 
cold atoms. Trace (B) shows the quadrature noises of the 
squeezed vacuum pulses incident on the cold atoms without 
the control light. Trace (C) indicates the shot noises. Traces 
(D), (E), and (F) show the quadrature noises of the squeezed 
vacuum pulses incident on the cold atoms with control lights 
of intensities 200, 100, and 50 pW, respectively. 



levels were identical for both 9 = and tt/2. 

In order to conduct ultraslow propagation of a 
squeezed vacuum pulse, we created a probe pulse hav- 
ing a temporal width of 10 fis from the continuous-wave 
squeezed vacuum by using two AOMs in series (A0M6 
in Fig. 1). Rather than the Ist-order diffracted light, 



we used the Oth-order (non-diffracted) light as the probe 
light. The diffraction efficiency of each AOM was 80%, 
and thus the use of the Ist-order beam would have caused 
significant optical loss. Therefore, we used the Oth-order 
beam for the experiments. Figures 4(a) and (b) show the 
quadrature noise of the squeezed vacuum pulses with the 
relative phase of = tt/2 and 0, respectively. The sig- 
nal was averaged over ^^100, 000 measurements. Traces 
(A) and (B) in Fig. 4 show the quadrature noises of 
the squeezed vacuum pulses without and with the laser 
cooled gas in the absence of the control light, respectively. 
The optically dense medium absorbed the squeezed vac- 
uum pulse, and thus trace (B) almost overlapped the 
shot noise (trace (C)). When the control lights were inci- 
dent on the cold atoms, the transmitted squeezed vacuum 
pulse was delayed. The delay time increased as the in- 
tensity of the control light decreased (see traces (D), (E), 
and (F) in Fig. 4) , which is a clear feature of slow prop- 
agation caused by EIT [s']. A maximum delay of 3.1 ± 
0.11 /iS was observed for the squeezed vacuum pulse with 
50 /xW of the control light (trace (F) in Fig. 4(b)). The 
photon flux of the probe light can be calculated by adding 
the quadrature noises of Figs. 4(a) and (b). Figure 4(c) 
clearly shows that the photon flux was also delayed. 

In conclusion, we have successfully observed the 
squeezing of the probe light after passing through the 
sub-MHz EIT window with a bichromatic homodyne 
method. Ultraslow propagation of the squeezed vacuum 
pulses was demonstrated, where the delay time was in- 
creased by decreasing the intensity of the control light. 
A maximum delay of 3.1 /is for 10 /is pulses is sufficient 
for the storage of a squeezed vacuum pulse 0, 0, • We 
are currently attempting to store and retrieve squeezed 
vacuum pulses with electromagnetically induced trans- 
parency. 
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